Aim: To investigate the action of isothiafludine (NZ-4), a derivative of bis-heterocycle tandem pairs from the natural product leucamide A, on the replication cycle of hepatitis B virus (HBV) in vitro and in vivo. Methods: HBV replication cycle was monitored in HepG2.2.15 cells using qPCR, qRT-PCR, and Southern and Northern blotting. HBV protein expression and capsid assembly were detected using Western blotting and native agarose gel electrophoresis analysis. The interaction of pregenomic RNA (pgRNA) and the core protein was investigated by RNA immunoprecipitation. To evaluate the anti-HBV effect of NZ-4 in vivo, DHBV-infected ducks were orally administered NZ-4 (25, 50 or 100 mg· kg Conclusion: NZ-4 inhibits HBV replication by interfering with the interaction between pgRNA and HBcAg in the capsid assembly process, thus increasing the replication-deficient HBV capsids. Such mechanism of action might provide a new therapeutic strategy to combat HBV infection.
Introduction
Although a hepatitis B vaccine has been available for more than 20 years, the estimated 400 million persons are still chronically infected with the hepatitis B virus (HBV) worldwide [1] . The currently approved antiviral therapies for hepatitis B virus infection include immunomodulators [interferon (IFN)-α and pegylated IFN-α)] and nucleoside or nucleotide analogues [2] . Because of poor tolerability, the adverse effects of IFN-α, and nucleotide analogue resistance of HBV, new potent antiviral agents are required for the improvement of chronic hepatitis B (CHB) treatment [3] . Thus, potential new targets, aside from HBV polymerase, have been explored and include viral RNA transcription factors, capsid formation, and envelope protein modification [4] . Because the HBV core protein (HBcAg) is highly conserved and the capsid provides the only site of HBV genome synthesis, the process of capsid assembly has been evaluated as a novel drug target for CHB therapeutics [5] . To discover novel drugs that inhibit HBV replication, our high-throughput screening campaign yielded a series of structurally related, 2,2-bis-heterocycle tandem derivatives that potently inhibited HBV replication [6] . Here, we report a novel, potent HBV inhibitor, isothiafludine (NZ-4), which is a derivative of bis-heterocycle tandem pairs and is derived from www.chinaphar.com Yang L et al Acta Pharmacologica Sinica npg the natural product leucamide A. Our results showed that as a small-molecule effector of HBV capsid assembly, NZ-4 was effective against the replication of HBV DNA by blocking the encapsidation of pregenomic RNA (pgRNA) and interfering in the assembly of nucleocapsids. Furthermore, NZ-4 efficiently inhibited the replication of HBV mutants that were resistant to nucleoside and nucleotide analogues. Hence, NZ-4 represented a novel chemical entity with a unique anti-HBV mechanism that warrants further development as a novel anti-HBV therapeutic for the treatment of chronic hepatitis B infection.
Materials and methods
Reagents NZ-4, Bay38-7690 [7] , and 8-1 [8] were synthesized in our institute. The structure of these compounds was identified using proton nuclear magnetic resonance, and the purity was determined as 99.5% using high-performance liquid chromatography (HPLC). 3TC was purchased from Tianfeng Chemical Technology Co, LTD (Suizhou, Hubei, China), and the purity was determined as 99.1% by HPLC.
Plasmids
The plasmid pHBV1.3 contains a 1.3-mer, over-length HBV genotype A2 genome (adw2 subtype; GenBank accession number: X02763.1) [9] and was kindly provided by Prof Dr Dong-liang YANG (Tongji Hospital of Tongji Medical College, Wuhan, China). The HBV genome region that encoded the full-length Cp185 protein was amplified by PCR using pHBV1.3 as a template [10, 11] . The plasmid expressing fulllength HBcAg pHBc185 was constructed by cloning the respective PCR product into the vector pcDNA3.1 (Invitrogen, Carlsbad, CA, USA). The plasmid pHBV1.3M204V/L180M, which contained a lamivudine/entecavir (3TC/ETV)-dualresistant (rtM204V/rtL180M) HBV genome, and the plasmid pHBV1.3A181T/N236T, which contained an adefovir (ADV)-resistant (rtA181T/rtN236T) HBV genome, were generated by site-directed mutagenesis using a Site-directed Gene Mutagenesis Kit (Beyotime, Haimen, Jiangsu, China) according to instruction.
Cell culture and transient transfection The HepG2.2.15 cell line is a HepG2 hepatoma-derived cell line that stably replicates HBV from four integrated, tandem copies of the HBV genome (ayw serotype, GenBank accession number: U95551) [12] and was maintained in Dulbecco's modified Eagle's medium (DMEM; Gibco, Grand Island, NY, USA) supplemented with 10% fetal bovine serum (FBS; Thermo Scientific, Hyclone, USA) and 380 μg/mL G418 (Sigma-Aldrich Co LLC, St Louis, MO, USA). The Huh7 hepatoma cell line was grown in DMEM supplemented with 10% FBS. Huh7 cells were seeded in 6-well plates with 1×10 6 cells per well and transfected with 1 μg plasmid DNA using the Lipofectamine 2000 Transfection Reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's protocol. All cell lines were cultured at 37 ºC in the presence of 5% CO 2 .
Cytotoxicity assay
Cell viability was determined using the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; Sigma-Aldrich Co LLC, St Louis, MO, USA) method. Briefly, HepG2.2.15 cells were seeded in 96-well culture plates at a density of 5×10 3 cells per well in triplicate with different concentrations of NZ-4. The culture medium was removed 4 d later and replaced with new medium that was supplemented with or without NZ-4. After 8 d of culture, the medium was removed from the cells, and 100 μL MTT (final concentration 2.5 mg/mL) reagent was added for 4 h at 37 ºC. The cells were then lysed with 10% sodium dodecyl sulfate (SDS) and 50% N,N-dimethylformamide, pH 7.2. OD values were read at 570 nm, and the percentage of cell death was calculated [13] .
HBV DNA quantification by qPCR HepG2.2.15 cells were cultured in 96-well plates at a density of 5×10 3 cells per well for 8 d under standard conditions. At d 4, the medium was changed, and new inhibitor was added. At d 8, HBV progeny DNA was extracted from the cell culture supernatants using the QIAamp DNA Blood Mini kit (Qiagen, Hilden, Germany) and quantified using real-time quantitative polymerase chain reaction (qPCR), as described previously [14] . The sequences of the HBV-specific fluorogenic probe (HBVayw/Probe) and primers for HBV (HBVayw/Sp and HBVayw/Asp) were as follows: HBVayw/ Sp, 5'-CACCTCTCTTTACGCGGACT-3', HBVayw/Asp, 5'-CGACGTGCAGAGGTGAAG-3', and HBVayw/Probe, 5'-ATCTGCCGGACCGTGTGCAC-3'.
HepG2.2.15 cells were cultured in 24-well plates at a density of 1×10 5 cells per well. After an 8-d treatment with different concentrations of NZ-4, the cells were collected, and the capsid-associated HBV DNAs from the intracellular HBV capsids were extracted. Briefly, the cells were lysed with cold lysis buffer (0.5% NP-40, 50 mmol/L Tris·HCl, 1 mmol/L EDTA·2 Na, pH 7.0) at 4 °C for 15 min. The cell lysate was then digested with 100 U/mL Cyronase cold-active nuclease (TaKaRa, Dalian, China) for 30 min at 37 ºC and then incubated with proteinase K at a concentration of 500 mg/mL at 56 °C for 2 h to release the associated HBV DNA. Capsid-associated DNA was purified by phenol/chloroform (1:1, v/v) extraction and then precipitated in 3 vol of ethanol [15] . The nucleic acid pellets were resuspended in TE buffer and quantified using qPCR, as described above.
Southern blotting analysis HepG2.2.15 cells were cultured in 24-well plates, and the HBV DNAs from the intracellular HBV capsids were extracted according to the protocol described above. HBV replicative intermediates were detected by Southern blotting with a modification that included using a DIG-labeled PCR fragment that encompassed genome position 463 to 1499 [12] . All given nucleotide positions began with the adenine of the initiation codon of the C gene. Briefly, HBV DNAs were separated by electrophoresis using 0.8% agarose and transferred to a nylon mem-npg brane (Hybond-N+ membrane, GE, Connecticut, USA) using the capillary transfer method with 20×SSC buffer overnight at room temperature. After UV crosslinking, the membrane was hybridized with the DIG-labeled HBV DNA probe overnight at 42 °C and washed with 2×SSC/0.1% SDS twice for 5 min at room temperature and 0.2×SSC/0.1% SDS twice for 20 min at 55 °C [15] . The membrane was immunoblotted with an antibody that recognized DIG (Roche, Mannheim, Germany) followed by detection using the DIG Luminescent Detection Kit (Roche, Mannheim, Germany) according to the manufacturer's protocol.
Native agarose gel electrophoresis analysis After treatment with the compounds, the HepG2.2.15 cell lysate was prepared similarly and resolved on a 1.8% native agarose gel. The capsids were electrophoresed at 70 V with TAE buffer and then transferred directly to a nitrocellulose membrane (GE, Connecticut, USA) using the capillary transfer method with 10×SSC buffer overnight. The membranes were then immunoblotted with a primary antibody that recognized HBcAg (Abcam, Cambridge, UK) followed by detection with a secondary antibody using chemiluminescence. Another replicate was transferred to a nylon membrane (Hybond-N+ membrane, GE, Connecticut, USA) under the same conditions, but the encapsidated nucleic acid was released from the capsids by denaturation. Prehybridization and hybridization were performed identically to that for Southern blotting analysis [16] .
Western blotting analysis The HepG2.2.15 cells that were treated with different concentrations of compounds were collected and lysed in SDS sample buffer (62.5 mmol/L Tris·HCl, pH 6.8; 2% SDS; 10% glycerol; 5% 2-mercaptoethanol; and 0.02% bromophenol blue) and boiled for 5 min at 100 °C. The samples were submitted to 15% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and blotted with primary antibodies that recognized HBcAg (Abcam, Cambridge, UK) and actin (Abmam, Cambridge, UK). Subsequently, bound secondary antibodies were detected with a chemiluminescence substrate (GE, Connecticut, USA) and exposed to X-ray film (Sigma-Aldrich Co LLC, St Louis, MO, USA).
Immunofluorescence analysis
For immunofluorescence staining, HepG2.2.15 cells were cultured on non-coated, glass coverslips [17] . After an 8-d treatment with the compounds, the cells were rinsed with PBS twice, fixed with 4% paraformaldehyde in PBS for 10 min at room temperature, and blocked with 10% BSA in PBS for 1 h. The primary antibody that recognized HBcAg (Abcam, Cambridge, UK) and the secondary antibody that was coupled to fluorescein isothiocyanate (Abcam, Cambridge, UK) were diluted in blocking buffer containing 0.1% (w/v) saponin. The nuclei were counterstained with 5 μg/mL DAPI. The coverslips were mounted on slips in mounting medium, and the specimens were viewed using a fluorescence microscope with a 40×objective (Olympus, Tokyo, Japan).
ELISA
The levels of HBsAg and HBeAg in the HepG2.2.15 cell culture were measured using specific-ELISA kits (Sino-American Biotechnology Company, Henan, China) following the manufacturer's recommendations.
HBV RNA quantification by qRT-PCR HepG2.2.15 cells were cultured in 24-well plates as described above. The cell lysates were digested with 20 U/mL Cyronase cold-active nuclease (TaKaRa, Dalian, Liaoning, China) for 15 min at 4 °C, and encapsidated HBV pgRNA was isolated using the QIAamp MinElute Virus Spin Kit (Qiagen, Hilden, Germany) that included digestion with a DNase Set (Qiagen, Hilden, Germany). Total RNA was extracted from HepG2.2.15 cells using TRIzol reagent (Invitrogen, Carlsbad, CA, USA). The HBV RNA samples were quantified using qRT-PCR and the QuantiTect Virus Kit (Qiagen, Hilden, Germany). For each sample, qRT-PCR was performed in duplicate.
Northern blotting analysis
Total RNAs and the encapsidated pgRNA were isolated as described above. For Northern blotting, these samples were electrophoresed in a 1% formaldehyde agarose gel containing 5% formaldehyde and transferred to a nylon membrane (Hybond-N+ membrane, GE, Connecticut, USA). The transfer and hybridization were performed following the protocol of the NorthernMax ® kit (Ambion, Austin, TX, USA).
RNA immunoprecipitation (RIP)
After a 48-h treatment with the compounds, pHBV1.3-transfected Huh 7 cells were treated with 37% formaldehyde for 20 min at room temperature to generate protein-RNA cross-links. After stopping the reaction with 2 mol/L glycine, a wholecell extract was prepared in the presence of RNase inhibitors [50 mmol/L HEPES, pH 7.5; 140 mmol/L NaCl; 1 mmol/L EDTA; 1% (v/v) Triton X-100; 0.1% (w/v) sodium deoxycholate; and 40 U RNasin] to maintain the integrity of the RNA, and the extract was then treated with DNase I at a final concentration of 240 μg/mL to remove DNA. Immunoprecipitation was performed by incubating the lysates with rabbit polyclonal HBcAb (Abcam, Cambridge, UK) overnight at 4 °C, and protein A-Sepharose beads were added (equilibrated in lysis buffer containing 1 mg/mL BSA) for 1 h. The protein-RNA complexes were eluted from the beads with elution buffer (100 mmol/L Tris·HCl, pH 8.0; 10 mmol/L EDTA; 1% (w/v) SDS), and reversal of the formaldehyde cross-linking was performed by incubating the complexes at 65 °C. The immunoprecipitated pgRNA was detected using RT-PCR with a pair of HBVspecific primers that targeted the ε sequence at the 5' end of the pgRNA. copies/200 μL) (Day-10) that was collected from the supernatant of the culture transfected with the 1.5-fold-overlength genome recombinant plasmid [18] . 10 d after inoculation (Day 0), DHBV-positive ducklings were randomly divided into 6 groups that each contained 10 ducklings. The compounds were administered orally, twice per day for 15 d. 
Results

NZ-4 effectively inhibited HBV DNA replication in vitro
NZ-4 is a novel, non-nucleosidic anti-HBV compound, and its chemical structure is shown in Figure 1A . The cytotoxicity of NZ-4 was studied using MTT conversion assays in HepG2.2.15 cells (ayw serotype, wild type genome) [14] , and the concentration of 50% cytotoxicity (CC 50 ) was 50.4 μmol/L after 8 d of culture ( Figure 1B) . In vitro, the anti-HBV activities of NZ-4 were examined using HepG2.2.15 cells, and qPCR was used to quantify the HBV DNA after treatment with NZ-4. The 50% inhibitory concentration (IC 50 ) of NZ-4 for HBV DNA in HepG2.2.15 cell culture supernatants was 1.33 μmol/L (Figure 1C) . The supernatant IC 50 of the three nucleoside analogs, 3TC, ADV, and ETV, that were used in our assay are shown in Table 1 as a reference. The IC 50 for intracellular HBV replication based on the detection of capsid-associated HBV DNA was 1.05 μmol/L (Figure 1D ), which was much lower (≈50-fold) than the CC 50 of HepG2.2.15 cells. These results confirmed the antiviral activity of NZ-4 against HBV.
Southern blotting analyses were performed to measure the HBV replication intermediates. The results showed that NZ-4 potently inhibited the various forms of the HBV intracellular Figure  2) . Moreover, NZ-4 was active against various drug-resistant HBV mutants, including 3TC/ETV-dual-resistant and ADVresistant HBV mutants, which indicated that the antiviral mechanism of NZ-4 is distinct from that of the nucleosidic inhibitors ( Figure 3 ).
NZ-4 reduced encapsidated RNA with no influence on total HBV
RNA synthesis
To explore whether the observed reduction of HBV DNA replication in HepG2.2.15 cells by NZ-4 was due to its impact on HBV RNA synthesis or pgRNA encapsidation, Northern blotting was performed to measure the intracellular HBV RNA and encapsidated pgRNA levels after treatment with NZ-4. As shown in Figure 4A , HBV RNA synthesis was not affected by NZ-4 or the negative control, 3TC, in HepG2.2.15 cells. As a positive control, the transcription inhibitor, 8-1, significantly inhibited the synthesis of the 3.5-kb and 2.1/2.4-kb RNAs of HBV [8] . The encapsidated pgRNA was also isolated after digestion with DNase. Northern blotting results showed that treatment with increasing amounts of NZ-4 induced a dosedependent decrease in the levels of encapsidated HBV pgRNA ( Figure 4B ). The total intracellular HBV RNAs and encapsidated pgRNA were quantified using qRT-PCR ( Figure 4C) , and the reduction in encapsidated pgRNA but not total HBV RNAs indicated that NZ-4 might interfere in capsid assembly.
NZ-4 treatment led to the accumulation of replication-deficient capsids
The HBV core proteins (HBcAg) assemble into nucleocapsids [5] ; therefore, the intracellular HBcAg levels after treatment with NZ-4 were measured using Western blotting analyses. As observed for the transcription of HBV RNA, HBcAg expression was not affected by NZ-4 or 3TC in HepG2.2.15 cells. However, Bay38-7690 reduced the steady-state level of HBcAg, as reported [7] ( Figure 5A ). Furthermore, HBcAg distribution was not affected by NZ-4 or 3TC in HepG2.2.15 cells but was inhibited by the transcription inhibitor 8-1 ( Figure  5B ). In addition, NZ-4 treatment showed no influence on the secretion of HBsAg and HBeAg ( Figure 5C ).
Because NZ-4 had no significant effect on the expression and distribution of HBcAg, we further investigated whether a failure in capsid formation was the cause of the reduced HBV DNA replication. To investigate the effect of NZ-4 on HBV capsid assembly, HBV capsids from HepG2.2.15 cells exposed or not exposed to drug treatment were characterized using Figure 5D , NZ-4 disturbed the assembly of the HBV capsid. In addition to the normal HBV capsid, a faster-migrating capsid band that contained no HBV DNA was the dominant band in the NZ-4-treated samples. This type of capsid was also present in untreated cells, but NZ-4 treatment led to the accumulation of this DNA-free capsid in a dose-dependent manner. In contrast, 3TC, which is a well-characterized inhibitor of HBV replication that is used for the treatment of chronic HBV infections, did not affect HBV capsid formation but efficiently inhibited HBV DNA synthesis, as expected. Bay38-7690, which is a capsid assembly inhibitor, effectively reduced the amount of viral capsids and core-associated DNA [7] . These results indicated that NZ-4 inhibited HBV DNA replication by interfering with capsid assembly but did not affect the expression or secretion of viral protein.
NZ-4 interfered with the binding of pgRNA and HBcAg and reduced encapsidated HBV pgRNA. HBV nucleocapsid formation begins when the RNA pregenome, HBV polymerase and HBcAg dimers complex forms [19] . Therefore, we then determined whether the pgRNA encapsidation process was directly blocked by NZ-4 treatment. To study the interaction of the pgRNA with HBcAg during NZ-4 treatment, RIP was performed. The HBcAg and pgRNA complex was immunoprecipitated by an antibody to HBcAg (HBcAb). The crosslinks were then reversed, and the immunoprecipitated HBcAg was detected by Western blotting ( Figure 6A ). In parallel, the immunoprecipitated RNA samples were identified by PCR to prove that DNA was clearly removed (Figure 6B ), and this was followed by RT-PCR with a pair of primers that targeted the ε sequence at the 5' end of the pgRNA after digestion of the cross-linked HBcAg. The results showed that NZ-4 significantly interfered with the interaction between the pgRNA and HBcAg in the capsid assembly process ( Figure 6C ).
NZ-4 suppressed DHBV DNA replication in a DHBV-infected duck model. The inhibitory effect of NZ-4 on DHBV replication in vivo was analyzed in experimentally infected ducklings. In the first set of experiments, we observed the level of DHBV DNA in duck serum after treatment with different concentrations of NZ-4 and 3TC. When compared with the vehicle-treated group, qPCR analysis of the DHBV DNA in the sera indicated that DHBV DNA replication was suppressed by oral administration of NZ-4 in a dose-dependent manner on Day 15 after treatment ( Figure 7) . The reduction of the serum level of DHBV-DNA indicates that NZ-4 also showed its anti-DHBV efficacy in the DHBV-infected duck model.
Discussion
The present study analyzed a bis-heterocycle tandem derivative, NZ-4, which is a potent, non-nucleosidic inhibitor against HBV that blocks pgRNA encapsidation and interferes with HBV capsid assembly. The novel chemical structure of NZ-4 was derived from a natural marine product, leucamide A. In primary cell-based screening, we found that NZ-4 effectively reduced the HBV DNA in the supernatant and the replicative intermediates in the cytoplasm, and 3TC/ETV-dual-resistant and ADV-resistant HBV mutants were sensitive to it. Further experiments showed that although the amount of transcribed pgRNA and translated core protein was not altered, the level of encapsidated pgRNA was reduced and the level of abnormal capsid without HBV DNA accumulated with treatments of increasing concentrations of NZ-4. However, its precise mechanism must be further explored. From these results, we hypothesized that NZ-4 inhibited HBV replication by blocking encapsidation of the pgRNA and interfering in the nucleocapsid assembly process. Without an RNA template, the genome could not be synthesized. NZ-4-induced abnormal capsids were replicate-deficient and had decreased HBV DNA; therefore, the deficient capsids without nucleic acid were incompe- The knowledge of the HBV life cycle has increased over the past decades, and this has led to the identification of several potential targets such as viral entry, cccDNA formation, capsid assembly, and viral morphogenesis [4] . The HBV capsid assembly has been proven to be a specific target of HBV inhibitors [5] . NZ-4 induces the formation of replication-deficient HBV capsids by interfering with the binding of the pgRNA and core protein. Replication-deficient HBV capsids formed in the presence of NZ-4 would unlikely be infectious because the majority are free of HBV DNA.
Previously, heteroaryldihydropyrimidines (HAPs) and phenylpropenamides have been reported to disturb capsid formation and maturation [4, 5] . HAPs, including Bay 41-4109, Bay 38-7690, and Bay 39-5493, were first identified to prevent the formation of the HBV capsid [20, 21] . These analogues inhibited HBV replication through binding within the assembly domain of HBcAg at a site that bridged elements of the secondary 
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Although NZ-4 targeted capsid assembly, its mechanism of action is unique in that NZ-4 might target the nucleic acid binding domain of HBcAg. Because of the highly similar amino acid sequence between the HBV and DHBV core proteins, NZ-4 showed its antiviral efficacy in the DHBV-infected duck model by a substantial drop in viremia (Figure 7) . Two other phenylpropenamide derivatives, AT-61 and AT-130, were reported to be assembly accelerators, which increased the rate of capsid assembly [4] . The phenylpropenamides trap HBV capsid assembly intermediates and leads to the formation of empty capsids but does not misdirect assembly [22, 23] . The derivative AT-130 bound to the assembly domain of HBcAg with weak affinity and induced the protein into a more assembly active state. This increase in the concentration of the dimer in the active conformation resulted in an increased nucleation rate that drove capsid assembly forward [22, 23] . In contrast, NZ-4 did not increase the rate of capsid assembly in vitro, and the total amount of intracellular HBV capsids was not affected by NZ-4. Moreover, these defective capsids showed a significantly different electrophoretic mobility after NZ-4 treatment ( Figure 4A , 1st panel, lower band in each lane). We propose that the loss of intra-capsid components, such as HBV genomic material and/or proteins, will cause the HBV capsids to exert a different behavior by gel analysis, and NZ-4 strongly augments the formation of these replication-deficient capsids.
The HBV nucleocapsid that is formed by HBcAg is divided into N-terminal and C-terminal domains. The C-terminal domain is essential for packaging of the pgRNA/HBVPol complex, controls the interaction with HBV pgRNA, and has a strong influence on HBV DNA synthesis. We propose that the C-terminus of the core protein is more than a wielding hook for pgRNA attachment, and it might actively participate in regulating HBV DNA synthesis. To date, the topological structure of the C-terminal domain has not been determined by complete, core protein background crystallography due to its flexible nature. NZ-4 blocked the interaction between pgRNA and the core protein and reduced the encapsidation of Figure 6 . NZ-4 interfered with the interaction between the pgRNA and HBcAg. Huh7 cells were transfected with the plasmid pHBV1.3, which contained a replication-competent, over-length HBV genome, or the expression plasmid pHBc185, which had full-length HBcAg. The cells were treated or not treated with the compounds for 48 h. The HBcAg and pgRNA complex was immunoprecipitated using HBcAb, and after reversal of the formaldehyde cross-linking, the immunoprecipitated HBcAg was monitored using Western blotting analysis (A), and the immunoprecipitated pgRNA was detected by PCR (B) or RT-PCR (C). This novel mechanism could provide a new perspective for the role of the HBV core protein C-terminal domain in HBV RNA encapsidation and HBV capsid assembly and might extend insights into the viral encapsidation of other related viruses. Taken together, the bis-heterocycle tandem derivative NZ-4 is shown to be a promising anti-HBV drug candidate. Its mechanism is different from other HBV inhibitors, and it is also found to effectively inhibit drug-resistant HBV mutants. The efficacy of NZ-4 on DHBV-infected ducklings warrants its further clinical investigation. Considering its specific mechanism of action, NZ-4 may provide a useful addition to anti-HBV drug research and development.
